The subcutaneous injection of cholera toxin into adult mice resulted in a sustained increase in cyclic AMP levels in mouse epidermis after a lag period of about 2 hr. An increase in ornithine decarboxylase activity occurred between 7 and 10 hr, which was maintained for at least 10 hr. The increase in decarboxylase activity was localized to the area of epidermis visually affected by cholera toxin and was unaffected by hypophysectomy, suggesting a direct effect of the toxin on the epidermal cells.
The subcutaneous injection of cholera toxin also led to an increase in cyclic AMP levels in newborn mouse skin. In contrast to adult mice, newborn mouse skin contained high basal activities of ornithine decarboxylase in both the epidermal and dermal fractions. The activity in both fractions was markedly decreased following cholera toxin injection. The ability of cholera toxin to induce both epidermal and dermal ornithine decarboxylase activity developed between 10 and 21 days after birth.
Treatment of mouse skin with the tumour promoter 12-0-tetradecanoylphorbol-13-acetate (TP A) leads to a rapid, transient induction of the enzyme ornithine decarboxylase in the epidermis [1] . Enzyme activity reaches a maximum 4-6 hr after TP A application and has returned to the control value after 12 hr. An understanding of the mechanism of ornithine decarboxylase induction has intrinsic interest as the enzyme is believed to be rate-lim.iting for polyamine biosynthesis in mammalian cells and has an extremely rapid turnover (t 1 ;2 approx. 17 min in mouse epidermis [1] ). More specifically, induction of the decarboxylase has been implicated in the process of 2-stage carcinogenesis in mouse skin. Thus the ability of compounds to induce epidermal ornithine decarboxylase activity correlates well with their tumour promoting activity, and it has been proposed that induction is required for promotion to occur (1, 2, 3) .
Little progress h as been made in elucidating the mechanism of ornithine decarboxylase induction in mouse epidermis by TP A. In a number of other mammalian systems adenosine 3',5'-monophosphate (cyclic AMP) has been implicated in the induction of the decarboxylase [4] [5] [6] [7] , and some experiments have been carried out to determine if this is also the case for promoter-treated epidermis [8] . Mufson et al [8] were unable to confirm a report [9] that TP A causes an early rise in epidermal cyclic AMP levels. In addition, injection of isoproterenol, which caused a rapid accumulation of cyclic AMP in the epidermis, did not induce ornithine decarboxylase activity. It was conManuscript received April 24, 1979; accepted for publication August 20, 1979. This work was supported by grants from the Australian Tobacco Research Foundation, the Australian Research Grants Committee and the University of Adelaid e Anti-Cancer Foundation .
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TP A: 12-0-tetradecanoyl-ph orbol-13-acetate eluded that an early rise in cyclic AMP concentration is not involved in the induction of the decarboxylase by TP A.
In the present communication we provide evidence t hat elevated concentrations of cyclic AMP can lead to increased epidermal ornithine decarboxylase activity. Thus the subcutaneous injection of cholera toxin into adult mice, which caused a sustained increase in epidermal cyclic AMP concentration, resulted in a marked induction of decarboxylase activity in the epidermis.
MATERIALS AND METHODS

M a.teria.ls
Swiss albino mice were used in all experiments; the an imals were housed as described previously [10] . The dorsal s kin of ad ult animals was s haved, and only those a nimals wh ich did not show a regrowth of hair over 7 days were used for ex perim entation. Female mice were used in all experiments with adult a nim als.
Purified cholera enterotox in was obtained from Schwarz-Mann, New York, and as a gift from Dr. C. 
Methods
Treatment with cholera. toxin: Cholera toxin was inj ected subcutaneously into the lower dorsal skin in a volume of 0.1 ml of phosphatebuffered salin e; control a nimals were inj ected with 0.1 ml of phosphatebuffered saline.
Prepa.ra.tion of extracts for a.ssa.y of ornithine decarboxylase activity: In so me experiments extracts were prepared from both t he dermal and epidermal fractions of skin. The epidermis and dermis were separated by brief heat treatment [11] . E pidermis, dermis or whole s kin from individual mice was homogenized wi t h a glass-Teflon homogenizer in 1.2 ml of 50 mM Tris-HCl (pH 7.4) containing 0.1 mM pyridoxal 5'-phosphate and 0.1 mM EDTA. Homoge nates were filtered through 2 layers of cheesecloth and centrifuged at 100 000 xg (20 min; 4°C). The supernatants were assayed for ornithine decarboxylase activity [12] .
Hypophysectomy: Animals were hypoph ysectom ized as described befo re [1 3] , and allowed access to 5% (w/ v) glucose in 0.9% NaCl for 1 week before experimentation. At the end of eac h expe rim ent, the successful removal of the pituitary gland was confLI'In ed by dissection.
InflcunmatOiy index : The index was determined as described [14] on pieces of skin of area 201 mm 2 from individual mice. The inflammatory index is defined as:
Wet weight-dry weight dry weight
Other meth ods: Protein [15] and cyclic AMP [16) were determined as previously described.
RESULTS
Effect of Cholera Toxin on Ornithine Decarboxylase Activity and ·Cyclic AMP Levels in Adult Mouse Epidermis
As shown in Fig 1, the subcutaneous injection of 10 f.tg of cholera toxin led to a sustained increase in epidermal cyclic AMP levels after a lag period of about 2 hr. In these experiments, the injection of cholera toxin resulted in a localized swelling extending for a radius of about 1 em around the injection site. Samples of skin were only taken from this visually Dec. 1980 affected area for the determination of cyclic AMP levels and ornithine decarboxylase activities.
As also sh own in Fig 1, cholera toxin induced an increase in epidermal ornithine decarboxylase activity. The increase began between 7 and 10 lu·, and was maintained for at least 10 lu·.
The increase in decarboxylase activity was restricted to the area of skin showing visal swelling (Table I) . This localized effect implies that cholera toxin has a direct effect on the epidermal cells, and argues against the release of some indirect humoral factor. T he experiment was necessary as it has previously been concluded that t he induction of hepatic ornithine decarboxylase activity after the injection of dibutyryl cyclic AMP into rats may be an indirect consequence of t he release of pituitary hormones [17) . The increase in liver decarboxylase activity (Table I) indicates t hat subcutaneously inj ected cholera toxin does h ave effects on tissues other than skin. However, these effects do not induce a generalized increase in epidermal ornithine decarboxylase activity. It was also demonstrated t hat the cholera toxin-induced increase in epidermal cyclic AMP levels was restricted to the epidermis fTom visually swollen areas of skin (data not shown) .
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Effect of cholera toxin on levels of cyclic AMP and ornithine decarboxylase activity in adult mouse epidermis. Determinations were done at various times after t he subcutaneous injection of phosphatebuffered saline (.A.) or 10 p.g cholera toxin (L':.). Each point is the mean ± SE of determinations on the epidermis from 5 separate animals.
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The injection of cholera toxin caused a marked localized edema which could be quantified by measw·ing the inflammatory index (Table II, see reference 14) . It was possible that the changes in ornithine decarboxylase activity were due to altered capillary permeability allowing the "leakage" of some stimulatory factor into the environment of the epidermal cells. For example, 2 pituitary hormones, ACTH and growth hormone, have been shown to induce ornithine decarboxylase activity [18) . However, prior hypophysectomy did not modify the response of the epidermal decarboxylase to cholera toxin (Table   III ). In addition, low doses of cholera toxin (2 !Lg/ animal) enhanced the inflammatory index (Table II) but did not elevate epidermal cyclic AMP levels or ornithine decarboxylase activity (data not shown).
E ffect of Cholera Toxin on Ornithine Decarboxylase A ctivity in Newborn Mouse Shin
The subcutaneous injection of 5 llg of cholera toxin into newborn (3 days old) mice resulted in a marked increase in skin cyclic AMP levels. T hus the cyclic AMP levels 5 hr after injection of cholera toxin was 0.57 ± 0.04 pmoles/ !Lg DNA "Adult mice were inj ected subcutaneously with 10 p.g cholera tox in . After 16 hr extracts were prepared from epidermis and liver a nd assayed for ornithine decarboxylase activity as described in " Materials and Methods." Epidermis was prepared from the swollen ru·ea of skin around t he injection site (invo lved s kin), and from ru·eas of dorsa l skin visually free of swe lling (uninvolved skin) . Values ru·e the mean ± SE of determinations done on 5 sepru·ate animals. "The index was measmed at vru·ying tin1es after the subcutaneous injection of cholera toxin or 0.9% NaCl in to adu lt mice as desc ribed in . t he "Materials and Methods:" Each value is the mean ± SE of determinations carried out on 4 animals. " Epidermal extra cts were prepared 16 hr after t he subcutaneous injection of 0.9% NaCl or 10 p.g of cholera toxin into adu lt mice as descri bed in the Materials and Methods section. Each value is the mea n ± S.E. of determinations carried out on 4 separate animals.
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MURRAY ET AL compared with 0.12 ± 0.01 pmoles/~.tg DNA in control animals.
However in contrast to th e results obtained with adult mice, t h e ornithine decarboxylase activity in newborn mouse skin was decreased by the injection of cholera toxin. The results obtained with extracts prepared from whole mouse skin are shown in Fig  2. After an initial transient increase in ornithine decarboxylase activity (reproducible in 3 experiments), there was a sustained decrease in enzyme activity. The decrease was not due to th e presence of an inhibitor of the decarboxylase in extracts from cholera toxin-treated skin. Thus assays carried out with a mixture of extracts prepared from control and cholera toxintreated animals showed strictly additive ornithine decarboxylase activities (data not shown).
Histological examination indicated that doses of cholera toxin up to 10 llg in adult mice did not cause obvious damage to the epidermal cells.
The cholera toxin-induced decrease in ornithine decarboxylase activity was observed in extracts from both the epidermis and dermis of newborn mice (Fig 3) . In addition, th e basal activity of the decarboxylase decreased with increasing age of the animal. The decrease was most pronounced in the dermis. Histological examination demonstrated that th e decreased basal activity could not be accounted for by a decrease in the cellularityt of the dermal layer. As indicated in Fig 3, the ability of cholera toxin to induce both epidermal and dermal ornithine decarboxylase activity developed between 10 and 21 days after birth.
The Specificity of Cholera Toxin Effects
Some experiments were carried out to determine whether the effects of cholera toxin on mouse skin were specific to ornithine decarboxylase or could be a consequence of generalized changes in the rates of protein synthesis. As discussed previously [17, 19] , generalized changes would be expected to lead to rapid fluctuations in the activity of rapidly turning over enzymes such as ornithine decarboxylase. As shown in Table IV , the injection of cholera toxin did not lead to an increased rate of leucine incorporation into acid-soluble material. In newborn mice, chol-..... Effect of cholera toxin on ornithine decarboxylase activity in newborn mouse skin. Determinations were done at various times after th e s ubcutaneous inj ection of phosphate-buffered saline (A) or 5 /lg cholera toxin (6 ) into 3 days old mice. Eac h point is the mean ± SE of determinations on th e whole skin from 5 separate a ni mals. (days ) FIG .3 . E~ect of cholera toxin on ornithine decarboxylase activity in the ep1derrrus a nd dermis of mice of different ages. Determinations were done 16 hr after the subcu taneous injection of 5 /lg cholera toxin or phosphate-buffered saline. Epidermal and dermal extracts were prepared aft:er cholel'a toxin (0 and 6, respectively) or phosphatebuffered sahne (e a nd A, respectively) injection. Each point is the mean ± SE of determinations on 5 separate animals . era toxin injection significantly decreased leucine incorporation into epidermal acid-insoluble material both at 6 and 16 lu·. A similar result was obtained for incorporation into the dermis (data not shown) . The possible significance of these results is considered further below.
DISCUSSION
The mechanism for the various effects induced by cholera toxin in mouse skin is unclear. In adult mice, an elevation of epidermal ornithine decarboxylase activity was observed and a number of observations suggest that the enhanced activity is a consequence of the direct interaction of cholera toxin with the epidermal cells. Thus the elevation was localized to the epidermis immediately around the injection site, was unaffected by hypophysectomy and could be uncoupled from the marked inflammatory response induced by the toxin. However, unequivocal establishment of this point will require work with cultured epidermal cells. If a direct interaction with epidermal cells does occur, the induction is presumably mediated via cyclic AMP which is thought to be solely respo nsible for cholera toxin effects in mammalian cells [20] .
Interpretation 0f the effects cf cholera toxin on skin omithine a Adult and newborn (4 days old) mice were injected subcutaneously with cholera toxin (10 and 5/lg respectively) or with phosphate-buffered saline. After 6 and 16 hr animals were injected with [ 3 H) leucine and the incorporation into acid-insoluble material was determined after a further 30 min (see "Materials and Methods"). Values are the mean± SE of determinations done on 5 separate animals.
decarboxylase activity is subject to the general difficulties of establishing the mechanism and specificity of agents which modify the activity of rapidly tmning over enzymes. Any changes could involve effects on the rates of either enzyme synthesis or inac tivation. For example, as discussed by other authors [17, 19] , the activity of enzymes with rapid tumovers will respond sharply to either increases or decreases in the overall rates of protein synthesis. Thus the data obtained in the present experiments could be explained if cholera toxin induced a general decrease in protein synthesis in newborn skin and a general increase in protein synthesis in adult epidermis. Some evidence was obtained that cholera toxin did not induce a general increase in the rate of protein synthesis in adult skin. Thus incorporation of [ 3 H ]leucine into acid-insoluble material was not enhanced by the toxin. Similarly, cholera toxin did not induce an increase in the activity of tyrosine aminotransferase (unpublished data) , another mamalian enzyme with a short half-life. These results suggest some degree of specificity in the induction of ornithine decarboxylase by cholera toxin. In newborn epidermis, however, cholera toxin caused a marked reduction in CHJleucine incorporation, suggesting that the delayed decrease in decarboxylase activity may be nonspecific. Although high levels of ornithine decarboxylase activity were associated with depressed leucine incorporation 6 hr after cholera toxin administration, this result could arise from superimposed induction and decay curves at this time point. This possibility makes it difficult to decide whether there is a fundamental difference between adult and newborn epidermis with respect to the responsiveness of ornithine decarboxylase activity to cholera toxin. However, it may be worth noting that the promoter TP A also does not induce the decarboxylase activity in newborn mouse epidermis [21) .
In an earlier study [8) it was reported that injection of mice with isoproterenol did not lead to an increase in epidermal ornithine decarboxylase activity. Although this result is apparently contrary to the present data, it should be pointed out that isoproterenol causes a much more transient increase in cyclic AMP levels (approx. 30 min) than does cholera toxin. In addition, it cannot necessarily be assumed that cyclic AMP synthesis occurring after isoproterenol stimulation is evenly distributed throughout the cell [22) .
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